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Abstract
A scheme for two-phase flow with large density differences using the lattice Boltzmann method (LBM) was applied 
to investigate the optimum gas channel design for water drainage. Three different channel geometries were used: 
rectangular, trapezoidal, and triangular with constant gas flow rate and a droplet initially placed at the corner. The 
results show that the rectangular channel offers the best water removal characteristics under a moderate pressure 
drop. When using hydrophilic gas channels, a larger droplet is drawn up, which may induce better fuel cell 
performance. The cases of both channels with the same cross-section area, height and width are discussed. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Grove 
Steering Committee 
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1. Introduction
The polymer electrolyte membrane fuel cell (PEMFC) is one of the most promising candidates as a 
clean power source for electric vehicles or combustion engines in automotive transport, because of its 
high energy conservation efficiency, the possibility of using regenerative fuels, low or zero levels of 
noxious emissions of environmental pollutants, a low operating temperature, and a relatively quick startup 
[1]. In spite of tremendous scientific as well as engineering progress achieved over the last two decades, 
the commercialisation of fuel cells has been delayed mainly due to the following two aspects: durability 
and cost. This paper investigates water droplet behaviour and gas channel optimum design for better water 
removal. The membrane of PEM fuel cells has to be fully hydrated to maintain high proton conductivity, 
and at the same time excess water condenses in the gas diffusion layers (GDLs) or gas flow channels 
(GFCs), and prevents the supply of reactants to the electrodes under high current density conditions. 
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Phenomena related to this are generally referred to as ‘flooding’ and may be a cause of durability and 
performance reductions due to reactant starvation, and the GDL generally uses hydrophobic materials to 
facilitate liquid water drainage, like in the investigation of the LBM simulations reported here. 
Some numerical and experimental studies have been conducted to understand the flooding condition 
and droplet behaviour. A comprehensive combined theoretical and experimental study of the effect of 
engineering parameters, such as surface treatment by PTFE, channel geometry, droplet chord length and 
height, air flow rate on liquid droplet deformation at the interface of the diffusion media, and the gas flow 
channel has been attempted by Kumbur et al. [2]. Akhtar et al. [3] investigated the kinetics and transport 
mechanisms of water droplets in model flow field channels of a low-temperature PEM fuel cell, 
measuring the pressure drop at different air flows for different channel geometries. They sought to 
identify the minimum air flow requirement for water droplet movement in the flow channel, and to use 
their experimental findings as a basis for the recommendation of flow fields with high condensate removal 
capabilities combined with low pressure differences. They found that the 0.5 mm high × 1 mm wide 
rectangular channel gave the best water removal properties at a reasonable pressure drop. Recently, the 
present authors clarified the effect of channel height, wettability, and droplet position on drainage 
performance. It was found that a channel height of 0.5 mm was optimum for water drainage under 
moderate pressure drop [4], which agrees with the results of Akhtar et al. [3]. Deeper channels give better 
drain efficiency than shallower channels, but the efficiency differences become small when the droplet 
touches the corner or the top wall. As the droplet velocity, i.e. the draining flow rate, becomes higher and 
the pumping efficiency becomes less dependent on the droplet locations with shallower channels, 
shallower channels are superior to deeper channels when the pump work involved is similar [4]. 
 The present study was conducted to find the optimum channel design for water drainage for 
sustainable operation of PEM fuel cells. Numerical simulations using the lattice Boltzmann method 
(LBM) are developed to elucidate the dynamic behaviour of condensed water and gas flows in a PEM fuel 
cell gas channel. A scheme for two-phase flow with large density differences was applied to establish the 
optimum gas channel design for constant gas flow rate and both hydrophobic and hydrophilic gas 
channels with a droplet at the corner. The droplet velocities, pressure drop, as well as a newly introduced 
dimensionless parameter called the ‘pumping efficiency’, have been used for the discussion of optimum 
channel design for drainage performance [5]. Three different channel geometries were used: rectangular, 
trapezoidal, and triangular. The effects of channel geometry with the same cross-section area, for both 
hydrophobic and hydrophilic walls, are discussed. 
2. Simulation method 
The LBM simulates mass and heat transport phenomena by tracking movements of particle ensembles 
with velocities restricted to a finite set of vectors. The particle population is expressed by distribution 
functions, and the time evolution of the particle distribution functions is calculated by the simple law of 
collision and transition, ensuring that the LBM obeys the continuity equation and the Navier-Stokes 
equations for incompressible fluids. Additionally, introducing interaction among the particle ensembles in 
the equations makes it possible to simulate multiphase flow. Because of the simplicity of the algorithm, 
the LBM has the following advantages: flexibility for complex boundary geometries, simplicity of 
parallel computing, and accuracy in mass conservation. In multiphase flows, no tracking of interfaces is 
necessary, and the clearly distinguishable interfaces can be maintained without additional assumptions. 
To simulate the two-phase flow in the three-dimensional gas channel of a PEM fuel cell, the extended 
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LBM proposed by Inamuro et al. [6] was applied. Two-phase flows with large density differences, density 
ratios up to 1000, can be calculated by this method [7]. 
In the model, the non-dimensional variables defined by a characteristic length L, characteristic particle 
speed c, characteristic time scale t0 = L/ U, where U is a characteristic flow speed, a reference order 
parameter I0, and a reference density ȡ0 are also used [6] (‘non-dimensional’ terms are represented by a 
circumflex). This paper uses a three-dimensional 15 velocities model (3D15V model) and the velocities 
of particle ensembles are restricted to the following vectors icˆ  (i = 1, 2, …, 15) in the three-dimensional 
case as shown in Fig. 1 [8]: 
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Fig. 1. Lattice structure of three-dimensional 3D15V lattice Boltzmann model (LBM). 
The detailed set of equations for the developed two-phase flow as well as the validation of calculation 
LBM code can be found in the authors’ recent paper [4]. The lattice Boltzmann model was based on the 
two-phase flow scheme with large density proposed by Inamuro et al. [6] with some added improvement 
for the pressure boundaries at the corner, solving the Poisson equation using the Successive Over 
Relaxation (SOR) method and mass adjustment at each time step. 
3. Results and discussion 
3.1. Domain configuration and basic characteristics 
The simulations of liquid water behaviours in a gas flow channel with various channel geometries, 
droplet volumes, and constant gas flow rate were conducted, and the drain performance is discussed. The 
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basic calculation model for a rectangular channel is shown in Fig. 2. The whole domain was divided into 
40 × 20 × 100 cubic lattices of 0.025 mm in the x, y and z directions, where the channel length is 2.5 mm. 
The channel width w = 1.0 mm, which is commonly used in actual fuel cells. The airflow rate Q is
constant. The bottom surface corresponds to the gas diffusion layer (GDL), which is a hydrophobic 
surface with a static contact angle of 120° (Is = 0.045), and the other three walls are also hydrophobic 
with a 100° contact angle (Is = 0.050). The roughness of a porous medium like the GDL affects the 
droplet movement, but this model assumes a smooth surface, and so any effect of GDL roughness is 
ignored, like in Reference [9]. The droplet is placed at the corner of the gas channel. The gravitational 
forces were neglected in this study. The Poiseuille-like flow is given at the inlet of the channel, z = 0 and 
the free outflow condition is used at the outlet of the channel. 
GDL
T = 120q
0.5 [mm]
Separator
T = 100qxˆ
yˆ
zˆ
Fig. 2. Model of the calculation domain for rectangular gas channel. 
The changes in the movement of the centre of gravity of a liquid water droplet along the channel and 
the pressure drop in the air flow in a 1.0 mm wide channel for the basic case are given in Fig. 3. The air 
flow rate is equal to 24 SCCM (standard cubic centimeters per minute). This value is very similar to an 
actual fuel cell under the following operation conditions: cell current density I = 0.5 A cm–2, active area 
of 2 cm2 for one 100 mm long channel, and a stoichiometric ratio of about 1.4. The initial droplet position 
is at the centre. The gas mean flow velocity Uin is 0.8 m s–1, and the time step is 2.5 × 10–7 s.
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Fig. 3. Moving distance of a liquid water droplet and the pressure drop in the gas flow. 
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Fig. 3 shows that the velocity of the liquid water droplet, which corresponds to the gradient of the 
moving distance, and the pressure drop of the air flow reach steady values. The terminal droplet velocity 
and the pressure of the air flow will be used for evaluation of the draining performance in the following. 
The optimum conditions correspond to the fastest droplet movement under the lowest pressure drop. 
3.2. Pumping efficiency 
After analysing the droplet velocity and pressure drop, we will use a new dimensionless parameter for 
the evaluation of drainage performance for different channel geometries. We call it the ‘pumping 
efficiency parameter’, K , defined as follows: 
Qp
gUm
sd
drdr K               (2)
Here, Q is the gas flow rate and mdr the liquid droplet’s mass. When we consider the frictional work of 
moving a droplet at a velocity of Udr, the power is proportional to mdrgUdr. Thus the pumping efficiency 
has a meaning of droplet moving power relative to the pumping work. In other words, it has a meaning of 
how much water is removed with less pump work. Larger pumping efficiency indicates a smaller 
equivalent friction coefficient, and it corresponds to better water removal ability for the same compressor 
work. In general, a low pressure difference across the flow field is desired because of lower auxiliary 
energy demand, e.g. for air compression. 
3.3. Optimum channel design – Hydrophobic case 
 The channel geometry as well as the wall wettability have a strong influence on the performance of 
the fuel cell, due to their impact on water management in the gas channels. In this study, we investigate 
three different geometries with the same cross-section area and gas flow rate. For all cases, the bottom 
wall that corresponds to the GDL is the same and hydrophobic with a static contact angle of 120°, while 
the droplet is placed at the corner. The ‘hydrophobic case’ corresponds to the basic case explained in 
Section 3.1, where the side walls and top wall are hydrophobic with a static contact angle of 100°. The 
‘hydrophilic case’ means that the side walls and top wall are hydrophilic with a static contact angle of 
70°. The corresponding channel cross-sections are displayed in Fig. 4. 
 
Fig. 4. Shapes and cross-sections of gas channels used for the simulations. 
The simulations of droplet behaviours for different droplet sizes placed at the corner of the 
hydrophobic bottom wall were performed for different channel geometries. The three channel designs 
have the same cross-section area of 0.5 mm2 and thus the same gas mean flow velocity Uin = 0.8 m s–1.
The results of the droplet terminal velocity are reported in Fig. 5(a). It shows that the values of droplet 
terminal velocity are almost the same for the various gas channel geometries. It should be noted that for 
the rectangular channel, there were some limitation in the calculations. In fact, large droplet volumes 
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caused plugging phenomena and divergence in the calculation code. While the effect of geometry is not 
very important on droplet velocity, it has a remarkable effect on pressure drop along the gas channel. As 
shown in Fig. 5(b), the triangular shaped cross-section blocks the gas channel and the pressure drop is 
dramatically increased. Since we would like to have the fastest droplet motion with minimum pressure 
drop, the rectangular channel design might be the best design for droplet removal. 
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Fig. 5. Changes in (a) droplet terminal velocity, and (b) pressure drop with different channel geometries – ‘hydrophobic case’.
   (a) Rectangular, mdr = 5.68 × 10–8 kg     (b) Trapezoidal, mdr = 6.44 × 10–8 kg     (c) Triangular, mdr = 5.97 × 10–8 kg 
Fig. 6. Droplet behaviours at the initial state – ‘hydrophobic case’. 
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Fig. 7. Changes in pumping efficiency with different channel geometries – ‘hydrophobic case’. 
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Fig. 6 shows simulated droplet shapes at different channel geometries at the initial state. As a result of 
the previous analysis of pressure drop and droplet velocities, the pumping efficiency values are plotted in 
Fig. 7. It shows that, for the ‘hydrophobic case’, rectangular shaped gas channels give the best drainage 
performance. This optimum channel geometry is the one that can achieve the best water removal 
characteristics under a moderate pressure drop along the gas channel. Thus, minimising the pump work 
will guarantee proper operation of the PEM fuel cell.
3.4. Optimum channel design – Hydrophilic case 
In the ‘hydrophilic case’, we have the same initial conditions as previous simulations. The only 
difference remains in the wettability of the side walls and top wall. The latter are hydrophilic with a static 
contact angle of 70° instead of 100° in the ‘hydrophobic case’. The results of droplet terminal velocity are 
plotted in Fig. 8(a) for rectangular, trapezoidal, and rectangular gas channels. As the droplet volume 
increases, the droplet velocity increases. It should be noted that for the rectangular channel (H = 0.5 mm), 
the droplet touches the top wall, marked by a circle. In these cases, the droplet is decelerated due to the 
wall resistance. When the droplet does not touch the top wall, the rectangular channel offers the highest 
droplet velocity, since the wall force resistance is the minimum compared to other channel shapes. 
A similar analysis as previous simulations is made for the pumping efficiency evaluation. From the 
point of view of pumping efficiency in Fig. 8(b), the trapezoidal channel offers the highest pumping 
efficiency for larger droplet volumes. But, since we have irregular touching top wall behaviour, we need 
to examine the liquid droplet bottom contact area with the GDL. In fact, the larger the free bottom area 
(not covered by liquid), the easier will be the gas diffusion and proper PEM fuel cell working condition.
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Fig. 8. Changes in (a) droplet terminal velocity, and (b) pumping efficiency with different channel geometries – ‘hydrophilic case’.
Fig. 9 shows the three-dimensional view of the droplet behaviours at the initial state. In the rectangular 
channel design, the liquid water droplet is drawn up on the channel wall from the GDL surface, to leave 
more open area available for gas transport to the GDL. This behaviour is very advantageous to prevent 
the flooding condition at high current density. The relative area covered by the liquid droplet is reported 
in Fig. 10. Thus, the rectangular channel design with hydrophilic walls can improve the overall cell 
performance for larger droplet volumes.
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(a) Rectangular, mdr = 8.38 × 10–8 kg       (b) Trapezoidal, mdr = 9.31 × 10–8 kg         (c) Triangular, mdr = 9.10 × 10–8 kg 
Fig. 9. Droplet behaviours at initial state – ‘hydrophilic case’. 
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Fig. 10. Droplet relative bottom area to the GDL surface – ‘hydrophilic case’. 
In the hydrophobic case, the rectangular channel design is the best design for water removal under 
minimum pump work. But, compared to the hydrophilic case for the same geometry, one should be 
careful in the selection of channel wall wettability. In fact, for larger droplet volumes, hydrophilic walls 
are advantageous for drawing up the liquid. But, the pressure drop in the hydrophilic case is higher than 
for the hydrophobic case. Therefore, careful selection of design and operating parameters must be 
performed to avoid flooding. The results developed in this paper can be utilised to develop appropriate 
designs.
4. Conclusions
Different gas channel geometries for the PEM fuel cell have been compared by means of simulations 
using a two-phase flow lattice Boltzmann method (LBM) scheme with large density difference. The 
comparison was done for a large scale of droplet volumes and based on three parameters: the droplet 
terminal velocity, the pressure drop along the channel, and the new dimensionless parameter ‘pumping 
efficiency’. The optimum channel geometry was found to be a rectangular shaped channel with a width of 
1 mm and a depth of 0.5 mm, which exhibits the best water removal characteristics at a reasonable 
pressure drop. It was also found that a channel with hydrophilic walls might be advantageous at higher 
droplet volumes. 
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